). Localized AXL1, BUD3, or BUD4 result in bipolar, not random, plasma membrane growth and cell wall remodeling unbudding. The above observations suggest that there is derlie the formation of buds and mating projections. As a hierarchy in the response to intrinsic positional cues a yeast cell initiates a cell cycle, or responds to mating for bud site selection and that Axl1 is required to recogpheromone, its secretory apparatus, its cytoskeleton, nize the axial cue. and numerous other proteins and organelles become For bipolar budding, positional cues mark the bud tip organized anisotropically to facilitate polarized cell and mother-daughter neck (Chant and Pringle, 1995). growth. The pathway for development of cell polarity Actin, instead of septins, is important for generation of during bud formation starts with an intrinsic spatial cue, the bipolar budding pattern. The actin cytoskeleton, a set up during the previous cell cycle by cortical actin component of the cortical growth apparatus, is concentrated at the bud tip and septum area at different cell or septin cytoskeletal proteins (Figure 2A) . A signaling How the cytoskeleton polarizes the secretory pathway velopment back to cell cycle progression has recently been revealed. This mechanism would insure that the toward the bud site to propagate the cue into the cytoplasm is not known but could be through cytoplasmic nucleus only divides after a bud has formed. Thus, cdc42, cdc24, and myo2 mutants, each of which causes actin cables oriented along the mother-daughter axis ( Figure 1A) Spatial information from the cue is reinforced by localized assembly of the cytoskeleton and a targeting patch for transport vesicles and is propagated along the membrane and into the cell interior by changes in the organization of actin and microtubules. Concomitantly, sorting compartments of the secretory apparatus reorientate in the cytoplasm along an axis of polarity relative to position of the cue(s). Delivery of newly synthesized proteins to targeting patches at the cell surface reinforces and stabilizes the molecular and structural asymmetry of the cell surface that was started by the spatial cue. Feedback regulation between stages of the hierarchy consolidates earlier stages, resulting in the maintenance of cell polarity.
Figure 1. Schematic Representation of the Structural Organization of Budding Yeast and Polarized Epithelial Cells
Cell polarity of both cell types is initiated from a "nonpolarized cell" (top, center) that has a relatively isotropic organization of actin filaments (Ac, dotted lines), microtubules (MT, solid bold lines), microtubule organizing center (mtoc), transport vesicles (tv), and nucleus (N). Establishment of cell polarity requires a hierarchy of stages (middle, center), including the following: a spatial cue; membrane-associated receptors and signaling networks, which mark and interpret the cue; localized assembly of the cytoskeleton and targeting patch, which reinforce the cue; changes in the distribution of microtubules and the secretory apparatus, which propagates the cue to the cell interior (each stage is color coded for comparison with other figures). Cell polarity is manifested somewhat differently in yeast and epithelial cells. In yeast (A), an intrinsic cue induces assembly of a cytoskeletal and signaling network (shaded) in close proximity to the bud scar (in a or ␣ cells, see text), which results in reorganization of the cytoskeleton and the secretory apparatus, leading to bud formation (top, left). While cyclin-cyclin-dependent protein kinase commother-bud neck where they, together with the septins, facilitate septation. The identity of the spatial cue for plexes control the timing of polarity development, a feedback mechanism, or checkpoint, linking polarity deorientation toward the septum is not known.
Extrinsic cues generated by pheromone gradients result in a similar reorganization of the yeast cell leading to formation of a mating projection (bottom, left). In epithelial cells (B), extrinsic cues from cell-cell adhesion result in the formation of cytoskeletal and signaling networks at cell contacts resulting in partial reorganization of the cells (top, right). However, full establishment of epithelial cell polarity requires both cell-cell and cell-ECM adhesion (bottom, right). Under these conditions, cells establish structurally and functionally distinct apical and basal-lateral membrane domains. (Left Cell
How the cytoskeleton polarizes the secretory pathway velopment back to cell cycle progression has recently been revealed. This mechanism would insure that the toward the bud site to propagate the cue into the cytoplasm is not known but could be through cytoplasmic nucleus only divides after a bud has formed. Thus, cdc42, cdc24, and myo2 mutants, each of which causes actin cables oriented along the mother-daughter axis ( Figure 1A ) and myosins. Actin cables and myosin orgadefects in bud formation, individually exhibit a cell cycle delay in G2 (see Lew and Reed, 1995) . nize mitochondria in the cytoplasm and, in doing so, might insure their inheritance (Drubin et al., 1993; Simon As described above, during bud formation, yeast can establish an axis of cell polarity in response to an intrinet al., 1995b). The myosin heavy chain Myo2 is a candidate to mediate the interaction of actin with the secresic cortical cue. However, haploid cells can also establish an axis of cell polarity along a gradient of mating tory pathway, as this protein is important for polarized growth and for organization of actin structures and is pheromone (Segall, 1993) . The pheromone response pathway appears to intersect with the polarity pathway concentrated at sites of cortical growth (Lillie and Brown, 1994, and references therein). Furthermore, used for bud formation. This conclusion was first supported by the identification of special mutant alleles of myo2 mutants rapidly accumulate vesicles, although the origin of these vesicles remains uncertain (Govindan Spatial information from the cue is reinforced by localized assembly of the cytoskeleton and a targeting patch for transport vesicles and is propagated along the membrane and into the cell interior by changes in the organization of actin and microtubules. Concomitantly, sorting compartments of the secretory apparatus reorientate in the cytoplasm along an axis of polarity relative to position of the cue(s). Delivery of newly synthesized proteins to targeting patches at the cell surface reinforces and stabilizes the molecular and structural asymmetry of the cell surface that was started by the spatial cue. Feedback regulation between stages of the hierarchy consolidates earlier stages, resulting in the maintenance of cell polarity.
As noted at the beginning, the establishment of cell polarity is fundamental to differentiation and a diversity of functions in most, if not all cells. Ordering of the stages of cell polarity establishment into a hierarchy types, thereby leading to a more complete understanding of the origins of cell polarity.
